). Extracts from various species of cells supported polyomavirus DNA replication in a species-specific manner that was consistent with the host range specificity of polyomavirus; extracts prepared from mouse and hamster cells were active, whereas extracts prepared from human, monkey, and insect cells were inactive. The addition of DNA polymerase ot-primase purified from mouse cells induced the replication of polyomavirus DNA in a cell-free system containing polyomavirus large tumor antigen and nonpermissive cell extracts, such as human and insect cell extracts. Isolated mouse DNA primase alone also induced polyomavirus DNA replication in human cell extracts but not in insect cell extracts, indicating that mouse DNA primase plays the principal role in determining permissiveness for polyomavirus DNA replication.
To understand the molecular mechanism of DNA replication in mammalian cells, it is important to establish a simple model system that permits the analysis of DNA replication at the molecular level. The replication of simian virus 40 (SV40) DNA is an important model system for eukaryotic DNA replication because it requires only one virus-encoded protein, large tumor antigen (T antigen), and all other components involved in the DNA replication are supplied by host cells (reviewed in references 6, 10, 13, and 33). In this context, cell-free DNA replication systems consisting of human or monkey cell extracts, SV40 T antigen, and DNA containing the SV40 origin sequence have been established (2, 19, 29, 37) and have contributed to the identification and functional characterization of components of the cellular replication machinery (reviewed in references 16 and 17) .
A cell-free replication system for mouse polyomavirus (PyV) DNA also has been developed, and this system consists of DNA containing the PyV origin sequence, PyV T antigen, and mouse cell extracts (24) . Analysis of the cellfree replication systems for SV40 and PyV DNAs revealed that the replication of both viral DNAs required cell extracts of specific species (20, 24, 25, 36, 38) . This species specificity is consistent with the permissiveness of host cells; monkey and human cells support the propagation of SV40 but not PyV, whereas mouse cells replicate PyV but not SV40.
It has been observed that hybrid cells formed between permissive and nonpermissive cells yield viral progeny (33, 35) . Thus, it is likely that permissiveness is determined by transacting dominant factors present only in permissive cells. In fact, Murakami et al. (25) observed that the addition § Present address: Laboratory of Biochemistry and Molecular Biology, The Rockefeller University, New York, NY 10021. of a purified DNA polymerase oa-primase complex isolated from HeLa cells activated mouse cell extracts to replicate SV40 DNA. In addition, PyV DNA synthesis was restored in HeLa cell extracts when a purified mouse DNA polymerase a-primase complex was added to the extracts (24) .
In this study, we have analyzed the species specificity of PyV DNA replication in detail by using cell extracts of various species, purified DNA polymerase a-primase, isolated DNA polymerase oa, and isolated DNA primase and have presented evidence indicating that DNA primase plays the principal role in the determination of permissiveness of cell extracts for PyV DNA replication.
MATERIALS AND METHODS
Materials. Phosphocreatine kinase and the restriction endonucleases DpnI and MboI were purchased from Boehringer Mannheim Biochemicals. Creatine phosphate (di-Tris salt) was obtained from Sigma. Deoxy-and ribonucleoside triphosphates were obtained from Yamasa Co. Radioactive materials were purchased from ICN Biochemicals Inc. Antipain was a gift from T. Aoyagi (Institute of Microbiological Chemistry, Tokyo, Japan). Plasmid pBE102 (18) , which contains the PyV origin sequence, was provided by C. Prives (Columbia University). pBE102 DNA and pSV01AEP DNA (37) containing the SV40 origin sequence were prepared from dam methylase-positive Escherichia coli HB101 by the method of Maniatis et al. (21) . Activated DNA was prepared with calf thymus DNA by the method of Aposhian and Kornberg (1). Single-stranded DNA-cellulose was prepared as described previously (32) . Cells Preparation of PyV T antigen. PyV T antigen was purified as described previously (28) (37) .
Purification of DNA polymerase a-primase, isolated DNA polymerase a, and isolated DNA primase from mouse FM3A cells. FM3A cells were grown in mice and harvested as described previously (14) . All the primase activity assayed by the system described here is enhanced by DNA polymerase a because of the reason given previously (30) . Thus, the same unit of primase activity of DNA polymerase a-primase and isolated DNA primase does not mean the same amount of DNA primase. Analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis showed that purified DNA polymerase oa-primase contained four major bands of 180, 68, 54, and 46 kDa, as shown in Fig.  1 (lane 2) and as described previously (31) . The DNA polymerase a preparation contained two bands of 180 and 68 kDa (Fig. 1, lane 3) , and the DNA primase preparation contained two bands of 54 and 46 kDa (Fig. 1, lane 4 (Fig. 2B) .
Restoration of replication activity in the cell-free replication system for PyV DNA containing nonpermissive cell extracts with mouse DNA polymerase a-primase. It of deoxyribonucleotides into SV40 DNA in the presence of SV40 T antigen when supplemented with HeLa cell DNA polymerase a-primase (25) and that HeLa cell extracts supported DNA synthesis in the cell-free system for PyV DNA in the presence of mouse DNA polymerase a-primase and PyV T antigen (24) . Thus, we examined the PyV DNA-synthesizing ability of various nonpermissive cell extracts by the addition of DNA polymerase a-primase purified from mouse FM3A cells.
As shown in Fig. 3 , an increase in the amount of incorporation of deoxyribonucleotides was observed with extracts prepared from HeLa, 293, CV1, and Sf27 cells, depending on the amount of mouse DNA polymerase a-primase added to the extracts. Figures 4 and 5 show the results of product analyses with restriction endonucleases DpnI and MboI, respectively. Both DNA strands of PyV origin-containing plasmid DNA were methylated at adenine residues in the GATC sequence because this DNA was prepared from a dam methylasepositive E. coli strain. This DNA was sensitive to digestion by DpnI and resistant to digestion by MboI, since DpnI cut the GATC sequence when adenine residues on both strands were methylated and MboI cut the GATC sequence only when both strands were devoid of methylated adenine. Thus, DNA products replicated semiconservatively once are resistant to digestion by DpnI and products replicated multiply are sensitive to digestion by MboI.
Considerable portions of DNA products synthesized with extracts from HeLa cells and Sf27 cells in the presence of purified FM3A cell DNA polymerase a-primase were resistant to digestion by DpnI, as was the case with DNA products synthesized with extracts from FM3A cells and V79 cells (Fig. 4) . Products migrating slower than relaxed circular DNA were partially sensitive to DpnI digestion because they were replicative intermediates containing various amounts of nonreplicated DNA, as described previously (37) . The small amounts of radioactive materials produced with extracts from Sf27 cells in the absence of mouse DNA polymerase a-primase were digested by DpnI, indicating that they were derived from repair synthesis.
The appearance of MboI-digested fragments (Fig. 5) Analysis of products synthesized in the cell-free replication system containing nonpermissive cell extracts supplemented with purified mouse DNA polymerase a-primase by digestion with DpnI. The reaction mixture contained 400 ,ug of the indicated extract and 2 ,ug of PyV T antigen. Reactions were carried out at 35°C for 90 min in the presence (+) or absence (-) of purified FM3A cell DNA polymerase a (pola)-primase (2.0 U, based on DNA polymerase a activity). DNA products were processed as described in Materials and Methods and incubated at 37°C for 90 min in the presence (+) or absence (-) of 10 U of DpnI. The incubated products were electrophoresed in a 0.5% agarose gel. The positions at which supercoiled DNA (RFI) and relaxed circular DNA (RFII) migrated were determined by ethidium bromide staining. The values for the incorporation of dCMP obtained with various cell extracts in the presence or absence of purified DNA polymerase a-primase were 69.4 (absence) pmol for FM3A cell extracts, 15 .5 (absence) pmol for V79 cell extracts, 4.3 (absence) and 26 .0 (presence) pmol for HeLa cell extracts, and 3.0 (absence) and 38 .0 (presence) pmol for Sf27 cell extracts. The percentages of incorporated radioactivity resistant to DpnI digestion were 79.0 for FM3A cell extracts, 60.9 for V79 cell extracts, 3.0 (absence) and 82.0 (presence) for HeLa cell extracts, and 0 (absence) and 47.5 (presence) for Sf27 cell extracts.
FM3A cell DNA polymerase a to HeLa cell extracts (Fig.  6A ) and Sf27 cell extracts (Fig. 6B) . When FM3A cell DNA primase was added to HeLa cell extracts, the incorporation of deoxyribonucleotides increased, as was the case with the addition of DNA polymerase a-primase (Fig. 6A) . Activation of DNA synthesis by the addition of FM3A cell DNA primase was also observed with 293 cell extracts and CV1 cell extracts (data not shown). In contrast, no activation of PyV DNA synthesis was observed with Sf27 cell extracts when FM3A cell DNA primase was added (Fig. 6B) . Like DNA polymerase a-primase, the mixture of isolated DNA polymerase a and isolated DNA primase induced DNA synthesis in HeLa cell extracts and Sf27 cell extracts, although the level of induction by the mixture was lower than that by DNA polymerase a-primase.
The restoration of the incorporation of deoxyribonucleotides in HeLa cell extracts by the addition of isolated DNA primase was suggested to be due to DNA replication but not to repair synthesis, because'approximately 24% of the products synthesized in this system were resistant to DpnI digestion (Fig. 7) . No DpnI digestion-resistant materials were observed with Sf27 cell extracts when isolated DNA primase was added.
DISCUSSION
In this study, we have analyzed the species-specific replication of PyV DNA in a cell-free system containing PyV Fig. 4 . The percentages of incorporated radioactivity resistant to DpnI digestion were 55.7 for FM3A cell extracts, 33.8 for HeLa cell extracts with the FM3A cell DNA polymerase a-primase complex, 23.6 for HeLa cell extracts with the FM3A cell DNA primase, 57.0 for Sf27 cell extracts with the FM3A cell DNA polymerase a-primase complex, and 0 for Sf27 cell extracts with the FM3A cell DNA primase.
origin-containing DNA, PyV T antigen, and extracts from cells of various species, and several important features have been revealed, as follows.
First, extracts prepared from two mouse cell lines, FM3A and Ehrlich ascites tumor, and a hamster cell line, V79, supported PyV DNA replication in the presence of PyV T antigen, but those prepared from human cell lines, HeLa and 293, and a monkey cell line, CV1, did not. On the contrary, extracts inactive for PyV DNA replication supported SV40 DNA replication, and extracts active for PyV DNA replication were not active for SV40 DNA replication (Fig. 2) . Extracts prepared from an insect cell line, Sf27, supported neither PyV DNA replication nor SV40 DNA replication. These results correlate with the host range specificities of both viruses, except for one instance, in which extracts prepared from hamster V79 cells, which are semipermissive for PyV and SV40 propagation (33) , supported PyV DNA replication but not SV40 DNA replication.
Second, DNA polymerase a-primase isolated from a permissive cell line, FM3A, induced PyV DNA synthesis in a cell-free system containing nonpermissive extracts of human, monkey, or insect cells (Fig. 3) . Analysis with restriction endonuclease DpnI indicated that DNA synthesis was induced by semiconservative replication rather than repair synthesis (Fig. 4) . The appearance of MboI-digestible products indicated that multiple rounds of replication occurred in the cell-free system containing nonpermissive cell extracts when it was supplemented with mouse DNA polymerase a-primase. These results are consistent with earlier observations indicating that DNA polymerase a-primase plays a major role in determining host cell permissiveness for papovavirus DNA replication (24, 25, 36, 38) , probably by interacting with T antigen (7, 28) .
The levels of induced DNA synthesis, however, were much lower with nonpermissive cell extracts than with permissive cell extracts (Fig. 3) . This result may imply the existence of some trans-acting factors (35) in nonpermissive cell extracts which inhibit the interaction between T antigen and DNA polymerase a-primase.
Gannon and Lane showed that mouse p53 competes with human DNA polymerase a for binding to the SV40 T antigen (11) . Braithwaite et al. also found that the induction of mouse p53 resulted in the inhibition of SV40 origin-dependent DNA replication in monkey COS cells (3) . Furthermore, Wang et al. reported that purified mouse p53 inhibited SV40 DNA replication in a cell-free system, blocking the initiation stages of DNA replication (34) : Thus the host range specificity of SV40 may be partially expiained by the inhibitory effect of p53, although p53 isolated from COS cells that are permissive for SV40 recently has been shown to inhibit SV40 DNA replication in the cell-free system (23) . However, PyV T antigen does not seem to associate with p53 (34). Thus, the low level of induced PyV DNA replication is not likely to be due to the existence of p53 but rather to the existence of other inhibitory factors or to the absence of the factors in permissive cells which may participate in host range specificity.
Third, like mouse DNA polymerase a-primase, mouse DNA primase was able to induce PyV DNA replication in human cell extracts (Fig. 6 and 7 ). This fact indicates that DNA primase but not DNA polymerase a plays the principal role in the determination of permissiveness for PyV DNA replication and also that human DNA polymerase a supports PyV DNA replication in concert with mouse DNA primase.
The inability of mouse primase to activate insect cell extracts may be explained by the possibility that mouse primase is not able to interact with insect DNA polymerase a. The discrepancy between the results reported here and the results reported previously that SV40 DNA replication was restored in mouse cell extracts only when both HeLa cell DNA primase and DNA polymerase a were added to mouse cell extracts also may be explained by the similar possibility that HeLa cell DNA primase is not able to interact with mouse DNA polymerase a.
The association of DNA primase with DNA helicase has been observed in several systems. The T4 phage gene 61 protein, which is a primase, forms a complex with DNA helicase, the gene 41 protein (4) . The gene products of UL52, UL5, and UL8 of herpes simplex virus type 1 form a ternary complex having both DNA primase and helicase activities (5) . Recently, we have shown that PyV T antigen, like SV40 T antigen, has DNA helicase activity (27) 
